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to evaluate whether deep rooting traits in cereals will achieve greater nutrient use 23 efficiency and greater soil carbon (C) storage in cropping systems. This study aimed to 24 evaluate the relationship between root distribution, organic and inorganic N availability 25 and potential N supply at the critical growth period during the wheat cropping cycle in 26 a sand textured Eutric Cambisol. Our results provide evidence of significant microbial 27 capacity in the subsoil. The rate of plant residue turnover and the mineralization of 28 organic C and N substrates (glucose, amino acids, peptides, protein) declined slightly 29 with increasing soil depth; however, these rates were not correlated with basal soil 30 respiration, microbial biomass or community structure. This suggests that the microbial 31 population in subsoil is more C limited but that its activity can be readily stimulated 32 upon C substrate addition. A significant potential for organic and inorganic N turnover 33 was also demonstrated at depth with a similar abundance of ammonifiers and ammonia 34 oxidizing bacteria (AOB) and archaea (AOA) throughout the soil profile. Again, N 35 mineralization in subsoils appears to be substrate limited. Root density declined rapidly 36 down the soil profile with few roots present past 50 cm; suggesting that this is the major 37 factor limiting C recharge of soil organic matter and microbial activity in subsoils. 38
Greater root proliferation at depth could allow greater capture of water and the recapture 39 of N lost by leaching; however, our results suggest that plant-microbial competition for 40 C and N is as intense in the subsoil as in the topsoil. We conclude that while deeper 41 rooting may improve nutrient and water use efficiency it may not lead to much greater 42 C sequestration in subsoils, at least in the short term. 43
Introduction 47 7
Duplicate soil samples were collected from 4 of the 6 plots in July, 2013, when 146 the plants had reached late stem extension (Feekes growth stage 9, Zadoks growth stage 147 39; Large, 1954; Zadoks et al., 1974) corresponding to the period of maximum plant N 148 demand (AHDB, 2015) . To estimate root density, intact soil cores were taken to a depth 149 of 80 cm using a Cobra-TT percussion hammer corer (Eijkelkamp Agrisearch 150 Equipment, 6987 EM Giesbeek, The Netherlands). After removal from the soil, the 151 intact cores were split into 10 cm sections, the samples transferred to CO2 permeable 152 polythene bags and placed at 4°C to await root recovery and soil analysis. As there were 153 very few roots in the 60-80 cm layer, soils were only analyzed to 60 cm for the microbial 154 N cycling and N pool size estimates. For root analysis, one of the duplicate cores was 155 maintained intact, however, for the remaining soil analyses, the second soil core was 156 sieved to pass 2 mm, removing any vegetation, stones and earthworms and experiments 157 started within 48 h of field collection. 158 159
Quantification of root length density and soil respiration 160
Roots were washed from the soil cores by a combination of mechanical shaking 161 and flotation using a 1 mm mesh to capture roots. The roots were then placed on 20 × 162 20 cm clear plastic plates and root length determined with WinRhizo ® (Regent 163 Instruments Inc., Ville de Québec, Canada). 164
Basal respiration was determined on field-moist soil (50 cm 3 ) in the laboratory at 165 20°C over 24 h using an SR1 automated multichannel soil respirometer (PP Systems 166 Ltd, Hitchin, UK). Visible roots were removed prior to analysis. The mean respiration 167 rate was determined for the last 6 h of the measurement period when the CO2 efflux 168 rates had quasi-stabilized. 169 170
Soil solution extraction and soil chemical analysis 171 8
Soil N availability was estimated according to Jones and Willett (2006) To estimate rates of DON turnover, the mineralization of amino acids, 209 oligopeptides and protein were determined. For comparison, the turnover of glucose was 210 also used as a general reporter of soil microbial activity (Coody et al., 1986) . Briefly, 211 field-moist soil (5 g) was placed in 50 cm 3 polypropylene containers and 0.5 ml of either 212 14 C-labelled glucose (25 mM, 1.85 kBq ml -1 ), amino acids (10 mM, 1.55 kBq ml -1 ), 213 peptides (25 mM, 1 kBq ml -1 ) or protein (13.2 mg l -1 , 51 kBq ml -1 ) added to the soil 214 surface (Farrell et al., 2011) . After the addition of each 14 C-substrate to the soil, a 14 CO2 215 trap containing 1 ml of 1 M NaOH was placed above the soil and the tubes sealed. With 216 the exception of protein, the tubes were then incubated at 20°C for 30 min after which 217 the NaOH traps were removed to determine the amount of substrate mineralized. In the 218 case of protein, the procedure was identical except that the incubation period was 24 h. 219 Giles, Bucks, UK) was added to 5 g of field-moist soil and the rate of 14 CO2 evolution 232 measured over a 48 h as described in Kemmitt et al. (2006) . After 48 h, the net amount 233 of NH4 + and NO3 -produced from the added arginine was determined by extracting the 234 soil with 25 ml 0.5 M K2SO4 and subsequent analysis as described previously. 235 236
Mineralization of plant-derived C 237
The microbial turnover of complex, plant-derived C across the different soil 238 depths was evaluated according to Glanville et al. (2012) . Briefly, high molecular 239 weight (MW) plant material was prepared by heating 2.5 g of 14 C-labeled Lolium 240 perenne L. shoots (Hill et al., 2007) in distilled water (25 ml, 80°C) for 2 h. The extract 241 was then centrifuged (1118 g, 5 min) and the soluble fraction removed. The pellet was 242 then resuspended in distilled water and the heating and washing procedure repeated 243 twice more until >95% of the water soluble fraction had been removed. The pellet 244 remaining was dried overnight at 80ºC and ground to a fine powder. 245
The mineralization dynamics of the high MW plant material was determined by 246 mixing 100 mg of 14 C-labelled plant material with 5 g of field-moist soil. The production 247 of 14 CO2 was monitored as described above for the low MW substrates but over 40 d. 248
To ensure that water was not limiting, the experiment was also repeated but after the 249 11 simultaneous addition of distilled water (to reach field capacity) and the 14 C-labelled 250 plant material. 251 252
Nucleic acid extraction and quantitative PCR (qPCR) 253
For each soil sample, DNA was extracted from duplicate 800 mg sub-samples 254 using UltraClean ® DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA, USA). 255
Cell lysis was performed using a Mini Bead beater (BioSpec Products Inc., Bartlesville, 256 OK) at 2500 rev min -1 for 2 min. Duplicate DNA extractions were combined to give a 257 total extract volume of 100 µl. 258
Functional genes, archaeal and bacterial amoA, were quantified using a and Arch-amoAR) amoA genes were as described previously (Banning et al., 2015) . 266
Melting curves were generated for each qPCR run and fluorescence data was collected 267 at 78°C to verify product specificity. Each qPCR reaction was run in triplicate. Standard 268 curves were generated using dilutions of linearized cloned plasmids. Template amplified 269 with each primer pair described above, was cloned with the P-GEM T-easy system 270 (Promega Inc., Madison, WI), plasmid DNA extracted and inserts sequenced using Big split-splitless inlet, and flame ionization detector. Fatty acid methyl esters were 295 separated on an Agilent Ultra 2 column, 25 m long × 0.2 mm internal diameter × 0.33 296 µm film thickness. Standard nomenclature was followed for fatty acids (Frostegård et 297 al., 1993 
Crop and soil characteristics 309
As expected, crop height showed a sigmoidal extension pattern over the growing 310 season with full stem extension evident after 8 weeks (Fig. 1a) . Crop biomass also 311 showed a sigmoidal growth pattern, however, above-ground biomass continued to 312 increase up until week 13 due to progressive grain filling (Fig. 1a) . 313
Corresponding with the period of maximum crop development and low rainfall, 314 soil water content declined dramatically between weeks 5-8 in both the topsoil and 315 subsoil; with soil water in the subsoil being consistently lower than in the topsoil (P < 316 0.05; Fig.1b) . At week 9, significant amounts of rainfall caused recharge of the soil 317 profile with the topsoil retaining significantly more water than the subsoil (P < 0.01; 318
Fig. 1b). 319
Root length density decreased down the soil profile, with the vast majority 320 located in the topsoil (Fig. 2a) . Less than 4% of total root length density was in the 321 subsoil below 30 cm. Soil total and bio-available C pools also decreased with increasing 322 depth (Table 1) . Soil basal respiration was significantly greater (P < 0.05) in the 0-20 323 cm layer (Fig. 2b) with the pattern matching that of root density distribution. 324 325
Mineral N cycling 326
14 Ammonium and nitrate concentrations in the field-collected samples were 327 significantly greater in the surface (0-10 cm) layer (P < 0.05) than in the deeper soil 328 horizons (Table 1) . Overall, the patterns of N mineralization in the aerobic and anaerobic 329 incubations were similar, decreasing in an exponential pattern down the soil profile (Fig.  330 3). The concentration of NH4 + after 30 d of aerobic incubation only increased 331 significantly in the 10-20 cm soil layer (Fig. 3) . Aerobic net N mineralization within the 332 0-20 cm layer of the soil profile was significantly greater (P < 0.05) compared to the 333 40-60 cm layer (Fig. 3) . In contrast to the aerobic incubation, the anaerobically 334 incubated soils showed large increases in NH4 + concentration at all depths, with the 335 largest increase occurring in the surface soil layer (Fig. 3) . 336 337
Low molecular weight carbon substrate mineralization 338
Mineralization rates of low molecular weight C molecules tended to decrease 339 slightly with depth (Fig. 4) . While substrate mineralization in the topsoil (0-30 cm) was 340 significantly greater compared to the subsoil there was still considerable mineralization 341 occurring at 50-60 cm (Fig. 4) . There was a 10,000 fold difference between protein and 342 amino acid mineralization rates, with rates in the order amino acid > peptide > glucose 343 > protein. 344 345
Arginine and plant residue turnover 346
The initial (0-6 h) arginine C mineralization rate decreased with soil depth (P < 347 0.05) (Fig. 5a) . However, by 48 h the amount of arginine mineralization was statistically 348 similar at all soil depths. While the rate of mineralization was linear in the topsoil, 349 however, a lag phase in mineralization was observed in the subsoil horizons (data not 350 shown). The net amount of NH4 + produced from the added arginine significantly 351 increased with soil depth (Table 2 ). In contrast, however, the net amount of NO3
to N immobilization was greater in the topsoil than in the subsoil. 354
The rate of 14 C-labelled plant residue mineralization was much slower than those 355 of the simple C substrates. Notably there was no significant difference in turnover rates 356 between soil depths (P > 0.05; Fig. 5b) . 357 358
AOA and AOB gene abundances 359
Nitrification capacity, as assessed by amoA gene abundance, was present 360 throughout the soil profile. At every soil depth AOA gene abundance was significantly 361 lower (P < 0.01) than AOB (Fig. 6 ). For AOB amoA gene copies ranged from 1 x 10 7 362 to 2 x 10 8 g -1 dry soil while AOA amoA gene copies ranged from 2 to 5 x 10 5 g -1 dry 363
soil. There was no significant effect of depth on AOA population abundance (P > 0.05) 364 but there was a significant effect of depth on AOB population abundance (P < 0.05) 365 whereby AOB gene abundance was significantly lower (P < 0.05) in the subsoil below 366 30 cm than in topsoil (Fig. 6) . 367 368
Microbial community structure 369
Total PLFA significantly decreased below 30 cm depth; with the amount of total 370 PLFA relatively constant within topsoil and subsoil layers (Fig. 7a) . Overall, the relative 371 proportion of major microbial groups was quite similar at the different soil depths. The 372 proportion of fungi and actinomycetes significantly increased with soil depth (P < 0.01 373 and 0.001 respectively) while the relative abundance of Gram-positive and Gram-374 negative bacteria both reduced (P < 0.01). The relative abundance of putative arbuscular 375 mycorrhizal PLFAs (16:1 w5c) was similar at all depths (data not presented). Principal 376 component analysis of the PLFA data revealed a separation of the topsoil and subsoil 377 microbial communities (Fig. 8) . reported only AOA abundance and not AOB, was influenced by pH. In the current study 527 pH did not change with depth and thus the increased abundance of AOB in the surface 528 is not likely related to pH in this study. 529
It should also be noted that although there may be a significant reserve of 530 nutrients at depth, these may be also physically or chemically protected, especially in 531 well structured subsoils. It is therefore important for future studies to consider not only 532 the size of the nutrient pool, but also the gross flux through this pool and its bio-533 accessibility 534 22 535
Implications of N cycle variations with depth for root uptake 536
Deeper rooting may promote the more efficient use of nutrients such as N and P 537 (Lynch and Wojciechowski, 2015) . However, we hypothesized that roots at the surface 538 would be involved more in nutrient uptake than those at depth. The greater root length 539 observed in this study corresponds with the areas of greater microbial activity, N 540 concentrations and turnover rates. Therefore, it is likely that much more N is taken up 541 by surface roots than those at depth. The surface soil is also likely to be the area where 542 microbial N demand is greatest. Greater root length in topsoils would therefore allow 543 for greater competition with microbes. The greater bulk density at depth may also 544 suppress root growth making the access of nutrients more difficult (Salome et al., 2010) . 545
Water uptake is as important a function of plant roots as nutrient uptake. The 546 uptake rate of water is often proportional to root length density (Hinsinger et potentially, nutrient uptake in roots near the surface. This can lead to near-surface roots 549 dying and greater root growth at depth (Smucker et al., 1991) . In dry conditions, deeper 550 roots could become vital for maintaining plant nutrient uptake. In addition, more roots 551 at depth could lead to a greater input of exudates which would increase microbial 552 activity and decrease nutrient loss . It may also promote the microbial 553 priming of subsoil SOM and the loss of stable C from soil (Fontaine et al., 2007) . 554
Contrary to expectation, the subsoil appeared to retain less water than the topsoil. 555
We ascribe this to its lower SOM content which is known to aid water retention and 556 promote soil structure (Rawls et al., 2003) . Further, the subsoil dried out and rewet at a 557 similar rate to the topsoil. This does not support the hypothesis that soil moisture 558 becomes proportionally more available in subsoil as the soil progressively dries out due 559 to evapotranspiration losses. Our results suggest that irrespective of root length density, 560 23 water is removed evenly throughout the soil profile to balance plant demand, or less 561 
